Escherichia coli, the most common cause of bacteriuria, is usually able to express a number of adherence factors that promote initial colonization and allow persistence in the face of regular urine flow (4, 31, 32) . The most common E. coli adhesin, expressed by over 80% of uropathogenic strains, is the type 1 fimbria. Type 1 fimbriae are long, thin proteinaceous surface organelles with a tip composed of the FimH protein that binds to ␣-D-mannose-containing receptors (18, 28) . Uroplakins appear to be a receptor for type 1 fimbriae within the bladder and associated tissue (33) . Expression of type 1 fimbriae has been shown to occur in vivo and to be important for initiation of urinary tract infections (UTIs) (3, 4, 27) . The urinary tract has a number of mechanisms to prevent colonization by bacteria, including an immune response to antigenic fimbriae and mucus to act as a barrier to adherence. To evade this immune response and to save the potential metabolic burden of producing fimbriae, E. coli has evolved complex phase-variable mechanisms to regulate expression of most adhesins. For type 1 fimbriae, the fim promoter is located on a 314-bp "switch" region of the chromosome flanked by inverted repeats (1) . In a now well-characterized process, the switch region can be inverted from off to on and vice versa by two recombinases (FimB and FimE) so that the promoter is either correctly or incorrectly oriented to produce type 1 fimbriae (7, 17, 24) . We have previously analyzed the switch region of E. coli strains isolated from UTIs and shown that functional heterogeneity exists in the regulation of type 1 phase switching. While the majority of strains could produce type 1 fimbriae under favorable conditions, some strains had the switch locked in the off orientation. One allele (fimS49, screened for in the present study) was isolated which had a single-base-pair insertion in one of the recombinase binding sites, practically preventing phase transition to the on state (20) . UTIs occur in 2 to 10% of pregnant women. During the first trimester they are often asymptomatic, and approximately one-third of affected women will develop pyelonephritis if left untreated (15, 16, 22) . Asymptomatic bacteriuria (ASB) is also associated with low birth weight, prematurity, hypertension, preeclampsia, maternal anemia, amnionitis, and fetal death (2) . Treatment of ASB can reduce these risks, and therefore all women attending the antenatal clinic at the Royal Victoria Infirmary, Newcastle upon Tyne, United Kingdom, are screened for ASB by urine culture. All positive culture results are followed up in the bacteriuria clinic, where a fresh sample is obtained from the patient to confirm that an infection is present and appropriate antimicrobial therapy is prescribed when culture results become available. ASB in nonpregnant women is usually uncomplicated and self-limiting.
The bacterial factors that may contribute to asymptomatic infection are not clear. Many bacterial surface and secreted components such as fimbriae and toxins can stimulate inflammatory responses, and these are less likely to be produced by E. coli strains causing bacteriuria during pregnancy (29) . A recent study of a strain capable of long-term asymptomatic bladder colonization did not express common adhesins (type 1A and 1C fimbriae, pyelonephritis-associated pili) and showed limited epithelial cell adherence (13) .
In this study we have characterized E. coli isolates causing bacteriuria in pregnant woman (BU strains) by comparison with isolates from patients with cystitis in the general population (U strains). The study has focused on the requirement for type 1 fimbrial expression in BU strains, including analysis of fim switch orientation in vivo by analysis of fresh urine samples. An assay was developed to screen for the fimS49 allele, and its frequency was determined in both of the strain sets. The results show that the standard virulence determinants are not as common among the strains from pregnant women (predominantly asymptomatic infections) as among the strains causing symptomatic community-acquired infections in the general population. However, approximately one-third of BU strains do carry the majority of virulence determinants tested for and therefore pose a threat if left untreated. The majority of BU strains, in contrast to the strains causing cystitis, could not produce type 1 fimbriae. There appears to be selection against type 1 fimbrial expression during bacteriuria of pregnancy, and the lack of type 1 fimbrial expression may contribute to the asymptomatic nature of the infections caused by these strains.
MATERIALS AND METHODS
Bacterial isolates. Pregnant women with significant urine cultures were invited to attend the bacteriuria clinic. Isolates from pregnant women were obtained by plating fresh urine samples provided at the time of the visit. Since fresh urine was cultured, isolates were considered significant at greater than 10 3 CFU of E. coli per ml of urine. The pregnant women were tested on two separate occasions. E. coli isolates from patients with community-acquired cystitis were obtained from specimens submitted by general practitioners and obtained from patients admitted to the Royal Victoria Infirmary and Freeman Hospital. Isolates selected from this group were present at more than 10 5 CFU per ml of urine. Of these 46 patients with UTI, 85% were female. The average age was 55.9 years, and there was no clustering of cases to single medical practices. E. coli fecal isolates were also collected from anonymous healthy volunteers not undergoing any antimicrobial treatment. All isolates were selected after growth on MacConkey or cystine lactose electrolyte-deficient medium agar and confirmed as E. coli by using traditional methods, including ␤-glucuronidase production (26) . The following E. coli strains were included as controls for PCRs: K-12 MG1655 (type 1 fimbriae), strain 536 (10) (type 1 fimbriae, P-family, S-family, ␣-hemolysin), J96 (12) (type 1 fimbriae, P-family, S-family, ␣-hemolysin, F1C, CNF1), and AD110 (type 1 fimbriae, P-family, S-family, F1C, ␣-hemolysin, CNF1, and aerobactin). All strains were stored by addition of 20% glycerol and freezing at Ϫ70°C. DNA preparation. DNA was isolated from fresh urine cultures from the bacteriuria clinic as follows: fresh urine (2 ml) was added to 7 ml of 8 M guanidine hydrochloride, gently mixed, and incubated at room temperature (RT) for over 30 min. The released DNA was bound to diatomaceous earth (1 ml of a 10-mg/ml diatomaceous earth [Sigma-Aldrich] in 6 M guanidine hydrochloride) by gentle inversion at RT for 10 min. The DNA was then pelleted and washed in 50% ethanol containing 200 mM sodium chloride, 10 mM EDTA, and 50 mM Tris-HCl (pH 7.4). The diatomaceous earth was pelleted by pulsedspinning, and the supernatant was discarded and washed as above. The pellet was washed in acetone, recentrifuged, and then dried at 60°C for 2 min. DNA was eluted in 100 to 500 l of Tris-EDTA (TE) buffer by incubation at 60°C for 5 min and then microcentrifuged. The DNA was stored with the addition of 1 l of chloroform as preservative.
DNA from isolates was prepared by growing the isolates overnight in defined rich morpholinepropanesulfonic acid (MOPS) medium, and DNA was released and purified using proteinase K and sodium perchlorate as described previously (20) .
Assaying of virulence determinants. Virulence determinant detection was carried out by PCR using primers characterized and tested at the Institute for the Molecular Biology of Infectious Diseases (IMBID), University of Würzburg, Würzburg, Germany. P-family adhesin determinant detection amplifies the papF gene using the primers 5Ј gtgcagattaacatcagggg-3Ј and 5Ј-atgctcatactggccgtggt-3Ј. S-family sequence detection used primers 5Ј-atgtctgtgcagcgggttct-3Ј and 5Ј-atta ccggcctttaccggaa-3Ј. The primers for ␣-hemolysin and cytotoxic necrotizing factor (CNF) were as published (5, 19) . Type 1 fimbrial expression was assayed by testing for mannose inhibition of yeast agglutination after isolates were repeatedly cultured overnight (for 3 nights) in static Luria-Bertani broth. fim switch orientation was determined by amplifying the switch region with primers 2535 and 3178 using PCR conditions of 94°C for 45s, 57°C for 45s, and 72°C for 90s (30 cycles) and digesting the product with HinfI to give fragments of 416 and 227 bp in the phase-off orientation or 120 and 523 bp in the phase-on orientation (20) . The proportion of the population in the phase-off and phase-on states was measured by separating the digested PCR fragments on a 4% polyacrylamide gel and then staining with ethidium bromide. The relative fluorescence (total DNA) in each band was measured using Bio-Rad gel documentation software and hardware and then adjusted by the size (in base pairs) of each fragment. The values for the two off and on fragments were averaged, and the proportion in the phase-on state was calculated. The primers used to detect the presence of the fimS49 allele (20) were IRLT (5Ј ATGATATGGACAGTTTTGG 3Ј) and CS1 (5Ј CCTCATATGTTAAGGCATGC 3Ј). PCR conditions were 94°C (5 min) and then 30 cycles of 94°C for 45 s, 55°C for 45 s, and 72°C for 60 s, plus a final extension at 72°C for 10 min.
Strain comparison by PFGE and RAPD. For pulsed-field gel electrophoresis (PFGE) analysis, chromosomal DNA was prepared in agarose plugs and then cleaved with the restriction enzyme XbaI (9) . PFGE was carried out with the CHEF DrII system (Bio-Rad, Munich, Germany) at 200 V in 0.5 M Tris-borate-EDTA) (TBE) buffer at 12°C for 24 h with increasing pulse times from 5 to 50 s. Lambda concatamers from Bio-Rad were used as size markers. Assistance with PFGE was provided by G. Blum-Oehler, IMBID, University of Würzburg.
For randomly amplified polymorphic DNA (RAPD) analysis, three 10-mer oligonucleotide primers (5Ј 3 3Ј), CCGAATTCCC (OPF 5), CCGATATCCC (OPF 7), and GGGATATCGG (OPF 8) (14) , were used to fingerprint the E. coli isolates. RAPD PCR was carried out in 50-l reaction volumes containing 20 ng of E. coli chromosomal DNA, 1.25 M each primer (Molecular Biology Unit, University of Newcastle upon Tyne), 0.5 l of Taq (Thermus aquaticus) polymerase and respective buffer (Boerhinger Mannheim), per 100 l of reaction mixture, 0.02 mM each dTTP, dGTP, dCTP, and dATP, and autoclaved Millipore-filtered water. Amplification was performed in a Gene Cycler (Bio-Rad Laboratories) programmed for an initial cycle of 94°C for 4 min and then 40 cycles of 30 s at 94°C, 1 min at 36°C, and 1 min 30 at 72°C. An extension step at 72°C for 10 min was included after the 40 cycles. Amplification products were resolved by electrophoresis in a 1.5% agarose gel stained with ethidium bromide.
RESULTS
Comparison of the distribution of virulence determinants among isolates from bacteriuria of pregnancy with isolates from patients with cystitis. Isolates from the two groups were analyzed by PCR for the presence of genes for ␣-hemolysin, CNF1, aerobactin, and the fimbrial adhesins type 1, F1C, Pfamily, and S-family. All control strains were positive for the anticipated determinants (see Materials and Methods). The distribution of these genes between the two isolate groups is shown in Table 1 . The distribution of determinants among the cystitis strains was in agreement with previous studies (see, e.g., references 4 and 5), although the frequency for cnf1 was slightly higher than that for hlyA. The carriage of genes for adhesins, CNF1, and aerobactin was lower among the bacteriuria of pregnancy strains than those isolated from cystitis pa-tients. The majority of strains from both sets carry the type 1 fimbrial switch region. Carriage of virulence determinants was linked in both sets of strains, especially genes for P-family adhesins, S-family adhesins, ␣-hemolysin, and CNF1 (data not shown). Of the bacteriuria of pregnancy strains, 33% (14 of 43) carried at least four of the seven determinants tested, compared with 51% (24 of 47) of the cystitis strains.
Expression of type 1 fimbriae. A major focus for this study was the expression of type 1 fimbriae in the isolates causing infections in the pregnant women group in comparison with that in the strains isolated from nonpregnant individuals with symptomatic infections. A PCR amplification used to amplify the fim switch demonstrated the switch region to be present in Ͼ85% of strains in both groups. Phenotypic testing revealed a marked difference, with 32 of 42 cystitis strains (76%) testing positive for mannose-sensitive agglutination but only 15 of 42 bacteriuria isolates from pregnant women (36%) testing positive (P Ͻ 0.01). Therefore, while all the E. coli strains isolated from pregnant women with urinary tract infections carried the fimS regulatory region, 64% could not produce type 1 fimbriae in repeated overnight static culture in Luria-Bertani broth, conditions that usually favor expression. This figure is significantly lower than expression by strains isolated from cystitis patients. Interestingly, 18 of 26 fecal E. coli isolates from healthy volunteers (69%) could express type 1 fimbriae in vitro, a proportion equivalent to that of cystitis isolates (76%), indicating that the low level found in bacteriuria of pregnancy isolates is exceptional.
Detection of the fimS49 allele by PCR. A previous analysis of fim phase variation among urinary tract isolates identified a specific AT base pair insertion in the fim switch region that inhibits FimB activity on the fim switch. The activity of this recombinase is required to turn on the expression of type 1 fimbriae. A bacterium with fimS49 is 500 times less likely to switch on the production of type 1 fimbriae. In essence, this means that such strains do not produce detectable type 1 fimbriae under even favorable laboratory conditions. To determine the frequency of this allele between cystitis and bacteriuria of pregnancy strains, a PCR assay was developed using an allele-specific primer with the AT base pair insertion at the 3Ј end (see Materials and Methods). The assay (Fig. 1 ) was validated by sequencing a selection of positive and negative samples. Of 47 isolates from the prenatal clinic, 8 (17%) possessed the insert, whereas only 2 of 60 isolates from patients with community-acquired UTI (3.3%) possessed the insert (P Ͻ 0.05). To rule out the possibility that a single clonal type containing the allele was causing infections among pregnant women being tested at the clinic, the isolates containing the allele were analyzed by RAPD and PFGE. While two of the eight isolates were closely related, the other six were different by both methods (data not shown). In addition, the eight strains differed in their possession of the other virulence determinants screened for in the study. Three carried none of the factors, two carried just aerobactin, two carried just P-family sequences, and one carried just the F1C sequence. The fimS49 allele was therefore found in a number of different strain backgrounds, none of which carried multiple virulence-associated determinants. This allele is capable of eliminating type 1 fimbria production and was more prevalent in the strains isolated from women with bacteriuria of pregnancy than in the cystitis-associated strains isolated from the general population.
Analysis of fim switch orientation in vivo. To determine the fim switch orientation in vivo, infected urine from patients visiting the prenatal clinic was collected and the bacterial DNA was prepared immediately as described in Materials and Methods. At a later time, switch orientation was determined by PCR and restriction enzyme analysis as described previously (20) . The orientation of the switch under these in vivo conditions was compared with that from in vitro growth of the same isolate in MOPS defined rich medium. The purpose of this study was twofold: (i) to confirm that isolates containing the extra AT allele had the fim switch in the off orientation during infection (bacteria assayed in the urine will either be free or attached to mucus or uroepithelial cells), and (ii) to determine if isolates capable of producing type 1 fimbriae in vitro had expression switched on in vivo and whether regulation differed between the two environments. One possible problem with the in vivo assay is that the orientation of the fim switch is sensitive to environmental conditions, including temperature. Therefore, to show that adding the bacteria to guanidine hydrochloride does preserve the fim switch in the original sample orientation, the following experiment was carried out. The switch orientation from a bacterial population in the process of transition from on to off (controlled by a temperature and medium shift [6] ) was determined using three sample preparation methods: (i) immediate boiling of samples and then placing them in 8 M guanidine hydrochloride; (ii) placing them in 8 M 1 . Detection of the fimS49 allele by PCR. The primers described in Materials and Methods were used to detect the presence of the additional AT base pair in one of the recombinase binding sites within the fim switch (inverted repeat right, on orientation). The sequences of the switch regions shown in the figure were obtained and confirm the presence or absence of the allele as determined by PCR. Lanes: M, molecular weight markers; 1, BU45; 2, BU51; 3, BU67; 4, BU68; 5, BU81; 6, BU140; 7, BU47; 8, BU48; 9, MG1655; 10, blank. guanidine hydrochloride without boiling; and (iii) leaving the samples for 3 h at room temperature. Placing samples into 8 M guanidine hydrochloride was only slightly less effective at preserving the switch state than was immediate boiling of the cells (Fig. 2) . As expected, leaving the samples at room temperature allows the population to shift much more to the off phase. Consequently, placing urine samples in 8 M guanidine hydrochloride was selected because this could easily be performed at the clinic.
The switch orientation in vivo was determined for 23 infected urine samples in comparison to growth of the appropriate isolate in the laboratory. Of these isolates, 17 were unable to agglutinate yeast cells after static broth culture and 15 of the 17 had the switch in the off orientation after in vitro culture. The same 15 had the switch detectable only in the off orientation in the urine. This analysis included four isolates possessing the fimS49 allele, and these were detectable only in the off orientation both in vivo and in vitro (Fig. 3A) . The remaining 6 isolates from the 23 tested could produce type 1 fimbriae in vitro, and 4 of these had the fim switch detectable in the on orientation in vivo (see, e.g., Fig. 3B ). Although these six isolates represent a small sample, they indicate that isolates capable of switching on expression in vitro generally do so in vivo, although expression in vivo can be lower than, equal to, or greater than that after growth in vitro (Fig. 3B) .
DISCUSSION
It is now 40 years since the first studies delineated the natural history of ASB in pregnancy, and although interventional strategies have been adopted which were based on these pioneering studies, little has been published concerning the bacterial factors important in such patients. Bacteriuria is a significant problem during pregnancy because it can develop into more severe infections that may have repercussions for the health of the mother and unborn child. This research examined the virulence genotypes of E. coli strains isolated from patients with bacteriuria of pregnancy and compared them with the genotypes of E. coli isolates from patients with cystitis in the general population. The bacteriuria of pregnancy strains were less likely to carry genes for S-family, P-family, and FIC adhesins, CNF1, and aerobactin. The women who attended the   FIG. 2 . Analysis of the fim switch orientation after treatment of bacteria under different conditions. Samples were taken from a culture of E. coli K-12 undergoing transition from the phase on to the phase off orientation in MOPS rich defined medium (25) . The x axis shows the time at which samples were taken following the change in temperature and medium conditions used to bring about a rapid shutdown in type 1 fimbria expression (6) . Samples were processed as described in Materials and Methods and left for 3 h at room temperature prior to PCR amplification and restriction digestion with HinfI. The ratio of phase on to phase off bacteria was determined by quantitation of restriction digestion products using Bio-Rad gel documentation hardware and software after polyacrylamide gel electrophoresis (5% TBE) and ethidium bromide staining. Symbols: s, immediate boiling of the bacteria; }, addition to 8 M guanidine hydrochloride (final concentration, 6M); OE, left at room temperature. FIG. 3 . Analysis of the fim switch orientation in vivo. Infected urine from pregnant women was treated as described in Materials and Methods, and the orientation of the fim switch was analyzed by PCR and restriction digestion with HinfI. (A) Analysis of strains carrying the fimS49 allele. Switch orientation from infected urine: BU45, BU51, BU67, and BU81 (lanes 2, 4, 6, and 8 respectively). The same strains grown in MOPS rich defined medium are shown in lanes 1, 3, 5, and 7 respectively. Lane 10 contains a sample from a mixed-phase population, and lane 11 contains the DNA molecular weight markers. The switch is detectable only in the phase off orientation in the fimS49 BU strains. (B) The same analysis of the fim switch orientation carried out with other BU strains: BU47, BU48, BU113, BU125, BU128, BU132, and BU139 (lanes 2, 4, 6, 8, 10, 12, and 14, respectively) from infected urine. Lanes 1, 3, 5, 7, 9, 11, and 13 show the fim switch orientation after the respective BU strains were cultured in MOPS rich defined medium. Lane 15 contains the DNA molecular weight markers.
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E. COLI BACTERIURIA IN PREGNANCY AND TYPE 1 FIMBRIAEbacteriuria of pregnancy clinic had been referred to the clinic after being identified by routine screening of urine at prenatal clinics, and they did not all report discomfort normally associated with UTIs. Cytotoxins and adhesins (especially P-related fimbriae) can induce inflammatory responses and should be present less frequently in asymptomatic infections (8, 11, 13, 29) . Our data support this, showing that these genotypes occur at a lower frequency in the bacteriuria of pregnancy strains. Previous work by others addressing virulence-associated characteristics of E. coli strains from pregnant women have reached similar conclusions although not for all the determinants analyzed here (29) . A proportion of the isolates (33%) did carry genes for the majority of factors examined and may pose more of a threat to the mother and unborn child if left untreated than the other isolates do. In fact, this number correlates well with the results of early studies looking at the natural history of ASB during pregnancy, in which approximately one-third of women develop pyelonephritis (15, 22, 29) . If it is the case that ascending infection is confined to this group of strains, then limiting the use of antimicrobials to the subset of patients with such strains may be valid. Greater understanding of the bacterium-host interaction in ASB will allow more effective targeting of interventional and preventative measures.
A principal aim was to understand the level and importance of type 1 fimbria expression in the two sets of strains. This included an analysis, where possible, of how many isolates from each group (i) possessed the fim switch sequence and the fimS49 allele, (ii) could express type 1 fimbriae in vitro, and (iii) had the fim switch on or off in vivo. Over 85% of isolates from both sets of strains carried genes for type 1 fimbriae. The phenotypic analysis showed that only 36% of the bacteriuria of pregnancy strains could actually express the adhesin under favorable conditions, compared with 76% from the community-acquired symptomatic infections (P Ͻ 0.01). This confirmed that the usual adhesins (type 1, P, and S fimbriae) involved in the establishment and persistence of UTIs were not as relevant during bacteriuria of pregnancy, presumably due to the physiological changes in pregnancy that have been reported to put pregnant women at greater risk of developing bacteriuria (23) .
The fimS49 allele inhibits wild-type FimB recombinase activity at the fim switch and prevents effective expression of type 1 fimbriae in vitro. This allele occurred at a higher frequency among the bacteriuria of pregnancy-associated strains than among the cystitis-associated strains. Analysis of the fim switch orientation in vivo of strains containing the fimS49 allele also showed the switch to be locked off during infection. This was also the case for the majority of other strains unable to express type 1 fimbriae in vitro. Of six isolates analyzed that were able to express type 1 fimbriae in vitro, four had a proportion of the population with the fim switch in the on orientation during infection. Two studies have analyzed the orientation of the fim switch in vivo during a mouse model of infection (21, 30) , and one of these has also analyzed the switch orientation in vivo from a number of patients with urinary tract infection (21) . While the majority of bacteria causing symptomatic infections had the fim switch primarily in the off orientation in infected urine and when cultured in vitro, this was not true of bacteria attached to the uroepithelium in the mouse model, in which over 30% had the fim switch in the phase on orientation (21).
Our observations support the finding that bacteria able to produce type 1 fimbriae are likely to do so during infection. However, a high proportion of the strains causing bacteriuria during pregnancy cannot express type 1 fimbriae during the infection.
The fimS49 allele will be one of several that prevent the expression of type 1 fimbriae even though the genes are present in the isolates. Of particular interest was the fact that this allele was present in several different E. coli clonal groups (analyzed by PFGE and RAPD). While it remains possible that the fim genes could move horizontally between strains, their presence on a pathogenicity island or on other transmissible elements has never been documented. It is likely, therefore, that the allele has arisen independently in each strain background by selection. The nature of the allele, an AT base insertion within a fim recombinase binding site, would be extremely rare unless the recombination event makes it more likely. However, -like site-specific recombination is a wellstudied conservative process, with no such mechanism being described. If the allele did arise rarely through recombination, then it appears to have been successfully selected in the bacteriuria of pregnancy strains. Consequently, it appears to be advantageous to these strains not to express this adhesin during the bacteriuria, although a role for type 1 fimbriae in the establishment of the infection remains possible.
As with P fimbriae, type 1 fimbriae are immunogenic and can elicit an inflammatory immune response that causes pyuria. In normal individuals with cystitis and pyelonephritis, this response is a necessary burden associated with the absolute need for such adhesins to initiate and maintain infections. During pregnancy, anatomical and physiological changes mean that infections can arise with afimbriate bacteria, and these are not so easily displaced (for example, if the bladder is not completely voided). Under these conditions, certain E. coli isolates may persist more successfully if they do not initiate inflammatory responses and maintain a low profile. Accordingly, isolates that do initiate a strong response may be removed, selecting for rare variants, such as those containing the fimS49 allele, that do not express key antigens (such as type 1 fimbriae). The advantages of selecting for mutations in this adhesin seem to outweigh the disadvantages in this situation. Whether this "mutation" occurs and can be reversed as a consequence of site-specific recombination at the fim switch remains to be tested. Certainly phase variation has proven to be a common theme for surface components expressed by bacterial pathogens, and the occurrence of fimS49 may represent an example of small-scale evolution in a specific niche that may be reversible.
